Conformational changes in ras p21 triggered by the hydrolysis of GTP play an essential role in the signal transduction pathway. The path for the conformational change is determined by molecular dynamics simulation with a holonomic constraint directing the system from the known GTP-bound structure (with the ␥-phosphate removed) to the GDP-bound structure. The simulation is done with a shell of water molecules surrounding the protein. In the switch I region, the side chain of Tyr-32, which undergoes a large displacement, moves through the space between loop 2 and the rest of the protein, rather than on the outside of the protein. 
Ras proteins play a pivotal role in the signal transduction pathways that control proliferation, differentiation, and metabolism (1, 2) . They act as switches by cycling between the GDP-bound inactive form and the GTP-bound active form, which have large but relatively localized conformational differences (3, 4) . The major changes occur in two regions that have been called molecular switch I (residues 30-38, mainly composed of loop 2) and switch II (residues 60-76, which consists of helix 2 and loop 4). The switch I region overlaps with the effector region (residues 32-40) (5) . A schematic representation of the GTP-bound and GDP-bound structures is shown in Fig. 1 .
Without external activation, ras p21 is found to be mainly in the GDP-bound form (6) . It is activated by the binding of the guanine nucleotide exchange factor (GEF), which stimulates the exchange of GDP with GTP (7) . Because the concentration of GTP in the cell is much higher than that of GDP, such exchange effectively turns on the growth signal. In its active GTP-bound form, ras p21 interacts with different effector molecules (8) . ras p21 is deactivated by the hydrolysis of GTP and the resulting conformational change of molecular switch I and II to that of the inactive GDP-bound form. The hydrolysis reaction can take place due to the weak intrinsic GTPase activity of ras p21 (9) or it can be accelerated by the binding of the GTPase-activating protein (GAP) (10) .
One of the identified effectors of ras p21 is a Ser͞Thr-specific protein kinase, Raf, a product of the c-raf protooncogene (11) (12) (13) (14) . It is involved in the mitogen-activated protein (MAP) kinase pathway (Raf͞Mek͞ERK pathway). The three-dimensional structure of the Ras-binding domain (RBD) of c-Raf-1 (one of three Raf isoforms, c-Raf-1, B-Raf, and A-Raf) has been solved by NMR spectroscopy (15) , and the complex between RBD and Rap1A has been determined by x-ray crystallography (16) . The effector region of Rap1A is similar to ras p21. A recent crystal structure of a complex (17) between a Rap mutant (called Raps, RapE30D, K31E) and RafRBD provides detailed structural information about the interface, which is thought to have the same structure as that of the Ras-RafRBD complex. One consequence of the conformational change from the GTP-bound to the GDP-bound form is believed to be a decrease in affinity between ras p21 and RafRBD (5) . The active effector-free ras p21 molecule may either activate another effector or interact with GAP so as to be deactivated by GTP hydrolysis (6) . Binding of effector and GAP is mutually exclusive (5, 6, 8) . A full description of the nature of the conformational change induced by the hydrolysis of ␥-phosphate is thus important for an understanding of its function.
Although a normal mode and energy minimization analysis has shown how the initial stages of the changes are triggered by the release of the ␥-phosphate (18), simulation of the complete pathway from the GTP-bound to the GDP-bound form is essential as a complement to the various experimental efforts, including time-resolved x-ray crystallographic studies (19) (20) (21) (22) (23) (24) (25) . From the two end-point structures, it is known that, unlike the rigid body rotation of the active site ''lid'' in triosephosphate isomerase (26) , the conformational change of ras p21 in the switch I region involves significant internal rearrangements of the protein backbone (18) and, in the switch II region, there are secondary structure changes that include unwinding of a helical turn (residues 66-69) in going from the GTP-bound to the GDP-bound form (4). The secondary structure transition implies that solvent molecules may play an important role, with an exchange of hydrogen bonds between the water and protein.
The aim of this work is to determine possible paths for the switch I and II regions in going from the GTP-bound form to the GDP-bound form (27, 28) . We employ the targeted molecular dynamics (TMD) method (29) in the presence of a complete solvent shell (18) . This approach is particularly useful for complicated structural changes (e.g., the helix unwinding) and inclusion of solvent.
METHODS
For a conformational transition, we denote the initial state as I and the final state as F. The coordinates corresponding to a given conformation a are defined by a vector,
where N is the number of atoms in the system and the x i
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represents the components of the Cartesian coordinates, with x 1 , x 2 , and x 3 associated with atom 1, and so on. The square of the distance, , between two conformations a and b is
In the TMD method (29), a molecular dynamics simulation is performed with the standard molecular mechanics potential (30) supplemented by a time-dependent holonomic constraint of the form
where x is an instantaneous configuration, x T is the selected target structure, and is the desired squared distance between the two. A leapfrog numerical integration scheme (29) was used to implement TMD in the CHARMM program (30) . The final conformation, F, is used as the target x T . By slowly decreasing during a molecular dynamics simulation, the system is led to evolve from the initial conformational state I to the final state F. The wild-type GTP-bound form (PDB code 5p21) (27) and wild-type GDP-bound form (PDB code 1q21) (28) were used as the end-point structures. In addition, 400 flexible TIP3P water molecules (31) were included as the solvent; this is the water shell used for the normal mode analysis (18) . To mimic the effect of the hydrolysis of the ␥-phosphate, the GTP in the GTP-bound form was changed to GDP by removing the ␥-phosphate. The structure with the solvation shell was used as conformation I in the simulation; the final structure F was the GDP-bound structure. The coordinates used to define the constraint included the atoms of the protein, the bound GDP nucleotide, the Mg 2ϩ ion in the binding site, and two water molecules bound to it; the water molecules are needed to stabilize the ion (18) . The solvent molecules were allowed to move freely and follow the dynamics of protein. This procedure is an effective way of simulating a conformational change in the presence of explicit solvent. The transition from the GTP-bound form to the GDP-bound form was performed in 200 ps. It was found that the qualitative features of the reaction path were relatively insensitive to the ''pulling'' speed introduced by the constraint once the transition time was longer than 50 ps.
The transitions of switch I and II were simulated together and independently to isolate their characteristics. In each case, the GDP structure of the region of interest (switch I or II or both) was modelled into the GTP-bound structure with the ␥-phosphate removed. Careful initial energy minimizations and equilibration dynamics (especially for the solvation shell) for both the starting structure and the target structure were performed to ensure the minimal structure disturbance in the initial and final states; i.e., uninteresting differences due to crystal contacts etc. are eliminated so as to avoid distortion of the reaction path. Further, the equilibration dynamics was performed in such a way that each structure is equilibrated under a TMD constraint with the RMS distance equal to the initial rms distance between two structures. To keep the temperature constant during the transition, the system was connected to a heat bath with the Berendsen algorithm (32); the relaxation time of heat bath was taken as 0.02 ps and the temperature was kept near 300 K. To avoid the rotation of the structure caused by the constraining force, the target structure was least-square aligned to the moving coordinates each 0.1 ps. Regions that have small conformational differences in crystal structures were included in the alignment; they are residues 1-25, 39-59, 77-121, and 125-166. The TMD simulation was stopped when the rms between a coordinate set and the target structure was equal to 0.3 Å. A dynamics step size of 0.5 fs was used with the all-hydrogen potential function (PARAM22) in the CHARMM program (30) .
The energy along the transition path for switch I is shown in Fig. 2 . Although the energy cannot be interpreted in a simple manner because of the constraint on the system, the fact that no barriers higher than 60 kcal͞mol occur suggests that the path is meaningful: e.g., in the simulations of the insulin T to R transition by Schlitter et al. (29) , barriers on the order of 45 kcal͞mol were observed.
RESULTS
The simulation in which both the switch I and switch II regions were treated together showed that initially Gly-60 moves away from the nucleotide, which is as expected because of the removal of the ␥-phosphate with which the main-chain NH group of Gly-60 interacts. The major change in the switch I region (e.g., motion of Tyr-32, see below) follows and is essentially completed before the full transition in the switch II region has taken place. There is some coupling between the transitions due to the interaction between Glu-37 of switch I and Arg-68 and Tyr-71 of switch II, as described below. In what follows, we describe the results for the independent transition of each switch region to simplify the analysis.
Molecular Switch I. In the transition of the switch I region, the main chain of loop 2 undergoes a large displacement as a result of alteration of its internal dihedral angles (18) . One important conformational difference between the GTP-bound and the GDP-bound form is the reorientation of the side chain of Tyr-32 (3, 4, 8, 33) , which is an essential residue; the conservative mutation Tyr-32 3 Phe abolishes the activity of ras p21 (34) . In the GTP-bound form, this residue lies across the nucleotide binding pocket (27) , and in the GDP-bound form, it is oriented away from the binding pocket and forms a hydrogen bond with the side chain of Tyr-40 (see Fig. 1 ) (28) . The side chain of Tyr-32 was found to be highly mobile even in the GTP-bound form (25) . On the basis of the Raps-Raf GTP crystal structure for the complex, it was speculated that the motion of the Tyr-32 side chain upon the hydrolysis of the ␥-phosphate destabilizes the electrostatic interaction of two of its neighboring residues (Glu-31 and Asp-33) with Lys-84 of Raf by inducing a conformational change in these two residues (see figure 2 in ref. 8 ). In addition, the side chains of the residues Thr-35 and Ile-36 also have significant displacements as part of the loop motion. dynamics. It is found that the side chain of Tyr-32 moves through a crevice under loop 2 (i.e., between loop 2 and the rest of the protein), rather than through space on the outside of the protein. The direction of the Tyr-32 motion is in accord with that observed in the normal mode analysis (18) , and the main-chain dihedral angles ( and ) of Tyr-32 remains in the low-energy ␣ region of the Ramachandran plot during the transition (data not shown). Such a path is likely to have a low free energy because the relatively hydrophobic side chain of Tyr-32 remains buried; the hydroxyl group of Tyr-32 interacts with one of the Mg ϩ2 -bound water molecules during the transition before it forms a hydrogen bond to Tyr-40. The motion of the side chain of Tyr-32 is coupled with that of two of its neighboring residues, Glu-31 and Asp-33. Fig. 4 shows the evolution of the relative positions of the side chains of these three residues during the transition dynamics. The side chains of Glu-31 and Asp-33 remain exposed to solvent and move through the space above the loop away from their positions in the GTP-bound structure, where they can interact with Lys-84 of Raf (also see figure 2 in ref. 8) .
Molecular Switch II. Although there is considerable disorder in the x-ray structures for the switch II region, there are several features that appear to be characteristic of the conformational change (3, 4) . After the hydrolysis of GTP, the N-terminal portion of loop 4, especially Gly-60, moves away from the nucleotide and the ␣2 helix, located in the C-terminal part of the switch II region (residues 65-74), undergoes a significant rotation. There is also an unwinding of a helical turn of ␣2 (residues 66-69). These features of the transition are observed in other GTP-binding proteins, which indicates that they are an important part of the transition (for a review, see ref. 33 ).
The calculated pathway for the conformational change in the switch II region was found to begin with the separation of Gly-60 from the nucleotide. As suggested by the x-ray structural data and in accord with the normal mode analysis (18) , this is triggered by the loss of the hydrogen bond between the main-chain-NH group of Gly-60 and the ␥-phosphate after the GTP hydrolysis. There is then a rotation of the ␣2 helix. As a consequence, the polar side chains of Arg-68 and Tyr-71, which point in very different directions in the GTP and GDP-bound structures (Fig. 5a ), move into positions where both form transient hydrogen bonds with a carboxyl oxygen of Glu-37, a residue in the switch I region (Fig.  5b) . This complex temporarily stabilizes the system as the 66-69 helical turn unwinds (segment in gray in Fig. 5 ). The coil region produced by unwinding of the helix facilitates the larger-scale motion of loop 4, which results in a very different orientation for Tyr-64 (35) . The conformational change of switch II is completed by the dissociation of the transient hydrogen bonding complex (Fig. 5c) . The side chains of two other polar residues of ␣2, Asp-69 and Gln-70, which are partly exposed to solvent in the GTPbound form, are also affected by the rotation of ␣2 and are more completely solvated in the GDP-bound form (27, 28) (results not shown). Solvation Effect. It is generally recognized that water molecules play an important role in the dynamics of proteins (36) . Along the transition path, there are several rearrangements of hydrogen bonding networks involving the solvent shell. They include exchanges between water-water, water-protein, and protein-protein hydrogen bonds. As one interesting example, we show in Fig. 6 the time evolution of the hydrogen-bonding network of the polar side chains of the three important amino acids discussed above-i.e., Glu-37, Arg-68, and Tyr-71. In the early stage of the transition, a long-range water bridge between the side chain of Glu-37 in switch I and Arg-68 and Tyr-71 in switch II was observed (see Fig. 6a ). As the transition proceeds and the ␣2 helix rotates, there is a decrease in the number of water molecules bridging the side chains-i.e., there are three bridging waters in Fig. 6a , two in Fig. 6b , one in Fig. 6c , and none in Fig. 6d , where there are direct hydrogen bonds between Glu-37 and Tyr-71 and Arg-68. One water remains hydrogen bonded to Glu-37 and one to Arg-68. This result suggests that the exchange of hydrogen bonds is important for the energetics and for maintaining the correct conformation of the polar side chains along the reaction path. Since there is rapid equilibration of hydrogen bonds between different partners (often on a subnanosecond time scale), a relatively low energy barrier is expected for this structural transition. Similar hydrogen bond exchange was observed during the unwinding of the helical turn in ␣2. The nascent opening of a main chain polar-group hydrogen bond is found to be balanced by bridging water molecules, as in simulations of protein denaturation (37) .
CONCLUDING DISCUSSION
The reaction path of the conformational change of ras p21 from the GTP-bound form to the GDP-bound form with a solvation shell has been determined by the TMD method. The complete transition path is found to be an extension of the initial motion found by a normal mode analysis (18) .
In the switch I region, the reaction path involves the reorientation of the side chain of Tyr-32 through the space between loop 2 and the main protein matrix, rather than on the outside of the protein surface. This path has a consequence that the charged residues Glu-31 and Asp-33, which interact with the RafRBD in the homologous RafRBD-Raps complex, remain exposed during the transition. It would be interesting to determine whether the transition could be blocked by introducing a bulky group to prevent the motion of Tyr-32. In the switch II region, the conformational changes of ␣2 and loop 4 were found to be strongly coupled. A transient hydrogen bonding complex between two residues in switch II (Arg-68 and Tyr-71) and a residue in switch I (Glu-37) was observed during the rotation of ␣2. This complex temporary stabilizes the intermediate conformation of ␣2 and facilitates the unwinding of an N-terminal helix turn (residues 66-69) of ␣2, which in turn permits the larger-scale motion of loop 4. The hydrogen bond exchange between solvent molecules and protein is important for the transition.
The rotation of ␣2 is likely to be functionally important because mutations (e.g., Ala-66, Gly-75) indicate that it is implicated in binding of the guanine nucleotide exchange factor (GEF) (38) . The difference in the orientations of polar side chains such as Arg-68 and Tyr-71 on ␣2 between the GTP and GDP forms of ras p21 may be involved in modulating the binding to GEF. Evidence for the significance of ␣2 rotation also comes from the fact that the Gly-75 mutant fails to accumulate Ras-GTP during the process of exchange of GDP with GTP (38) (39) (40) . The transient complex structure formed between ␣2 in switch II and Glu-37 in switch I may participate in destabilizing the interaction between ras p21 and its effector Raf; i.e., it may keep the side chain of Glu-37, one of the key residue in the interaction between ras p21 and Raf (8) , in a conformation that disfavors the binding.
Note. After the work reported here was completed, a study of the ras p21 conformational change based on the TMD method was reported (41) . The details of the model and the analysis of the results are significantly different, so that the two studies are complementary.
